Increased fatty acid synthesis is required to meet the demand for membrane expansion of rapidly growing cells. ATP-citrate lyase (ACLY) is upregulated or activated in several types of cancer, and inhibition of ACLY arrests proliferation of cancer cells. Here we show that ACLY is acetylated at lysine residues 540, 546, and 554 (3K). Acetylation at these three lysine residues is stimulated by P300/calciumbinding protein (CBP)-associated factor (PCAF) acetyltransferase under high glucose and increases ACLY stability by blocking its ubiquitylation and degradation. Conversely, the protein deacetylase sirtuin 2 (SIRT2) deacetylates and destabilizes ACLY. Substitution of 3K abolishes ACLY ubiquitylation and promotes de novo lipid synthesis, cell proliferation, and tumor growth. Importantly, 3K acetylation of ACLY is increased in human lung cancers. Our study reveals a crosstalk between acetylation and ubiquitylation by competing for the same lysine residues in the regulation of fatty acid synthesis and cell growth in response to glucose.
INTRODUCTION
Fatty acid synthesis occurs at low rates in most nondividing cells of normal tissues that primarily uptake lipids from circulation. In contrast, increased lipogenesis, especially de novo lipid synthesis, is a key characteristic of cancer cells. Many studies have demonstrated that in cancer cells, fatty acids are preferred to be derived from de novo synthesis instead of extracellular lipid supply (Medes et al., 1953; Menendez and Lupu, 2007; Ookhtens et al., 1984; Sabine et al., 1967) . Fatty acids are key building blocks for membrane biogenesis, and glucose serves as a major carbon source for de novo fatty acid synthesis (Kuhajda, 2000; McAndrew, 1986; Swinnen et al., 2006) . In rapidly proliferating cells, citrate generated by the tricarboxylic acid (TCA) cycle, either from glucose by glycolysis or glutamine by anaplerosis, is preferentially exported from mitochondria to cytosol and then cleaved by ATP citrate lyase (ACLY) (Icard et al., 2012) to produce cytosolic acetyl coenzyme A (acetyl-CoA), which is the building block for de novo lipid synthesis. As such, ACLY couples energy metabolism with fatty acids synthesis and plays a critical role in supporting cell growth. The function of ACLY in cell growth is supported by the observation that inhibition of ACLY by chemical inhibitors or RNAi dramatically suppresses tumor cell proliferation and induces differentiation in vitro and in vivo Hatzivassiliou et al., 2005) . In addition, ACLY activity may link metabolic status to histone acetylation by providing acetyl-CoA and, therefore, gene expression (Wellen et al., 2009 ).
While ACLY is transcriptionally regulated by sterol regulatory element-binding protein 1 (SREBP-1) (Kim et al., 2010) , ACLY activity is regulated by the phosphatidylinositol 3-kinase (PI3K)/Akt pathway (Berwick et al., 2002; Migita et al., 2008; Pierce et al., 1982) . Akt can directly phosphorylate and activate ACLY Berwick et al., 2002; Migita et al., 2008; Potapova et al., 2000) . Covalent lysine acetylation has recently been found to play a broad and critical role in the regulation of multiple metabolic enzymes (Choudhary et al., 2009; Zhao et al., 2010) . In this study, we demonstrate that ACLY protein is acetylated on multiple lysine residues in response to high glucose. Acetylation of ACLY blocks its ubiquitinylation and degradation, thus leading to ACLY accumulation and increased fatty acid synthesis. Our observations reveal a crosstalk between protein acetylation and ubiquitylation in the regulation of fatty acid synthesis and cell growth. , and ACLY 3KR was analyzed, and relative acetylation was quantified.
(D) NAM and TSA increases ACLY acetylation at 3K. A549 cells were treated with NAM and TSA. Acetylation was detected by a-Ac(3K) antibody. (E) Glucose increases both ACLY protein and 3K acetylation levels in A549 cells. A549 cells were maintained under various glucose concentrations, and endogenous ACLY protein and acetylation levels were determined against b-actin and ACLY protein. In order to measure ACLY protein levels, the loading was normalized to total protein as indicated by the actin western blot (upper left panels). In order to measure relative ACLY acetylation, the loading was normalized to ACLY protein levels as indicated by the ACLY western blot (lower left panels).
(F) Glucose injection increases endogenous ACLY acetylation and protein levels in mice liver. BALB/c male mice were injected with PBS or 200 mg/g glucose into enterocoelia. Western blots for ACLY protein and acetylation were performed similar to that in (E). Endogenous ACLY protein levels and ACLY acetylation in mice livers at different time points were determined by western blot. ACLY mRNA levels were quantified by qPCR. Blood glucose levels were determined by ACCU-CHEK Active (Roche).
(G) Endogenous ACLY is accumulated by treatment of proteasome inhibitor MG132. HeLa cells were treated with or without 10 mm MG132 for the indicated times under low glucose. Endogenous ACLY level was determined by western blot.
(legend continued on next page)
Molecular Cell
Acetylation Stabilizes ACLY in Lung Cancer including ACLY (Figure S1A available online; Choudhary et al., 2009 , Zhao et al., 2010 . To confirm the acetylation modification of ACLY, we detected the acetylation level of ectopically expressed ACLY followed by western blot using pan-specific anti-acetylated lysine antibody. This experiment showed that ACLY was indeed acetylated, and its acetylation was increased by nearly 3-fold after treatment with nicotinamide (NAM), an inhibitor of the SIRT family deacetylases, and trichostatin A (TSA), an inhibitor of histone deacetylase (HDAC) class I and class II ( Figure 1A ). Similar experiments with endogenous ACLY also showed that TSA and NAM treatment enhanced ACLY acetylation ( Figure 1B ). Ten putative acetylation sites were identified by mass spectrometry analyses (Table S1 ). We singly mutated each lysine to either a glutamine (Q) or an arginine (R) and found that no single mutation resulted in a significant reduction of ACLY acetylation (data not shown), indicating that ACLY may be acetylated at multiple lysine residues. Three lysine residues, K540, K546, and K554, received high scores in the acetylation proteomic screen and are evolutionarily conserved from C. elegans to mammals ( Figure S1A ). We generated triple Q and R mutants of K540, K546, and K554 (3KQ and 3KR) and found that both 3KQ and 3KR mutations resulted in a significant ($60%) decrease in ACLY acetylation ( Figure 1C ), indicating that 3K are the major acetylation sites of ACLY.
To further confirm acetylation of the three residues, we then generated antibodies specific to acetylated K540, K546, and K554. The specificity of the specific anti-acetylated lysine at 540, 546, and 554 antibody (a-Ac[3K]) antibody was first confirmed by its ability to recognize the acetylated, but not unacetylated, peptide (Figures S1B-S1E). Furthermore, the a-Ac(3K) antibody recognized ectopically expressed wild-type and ACLY mutants with one of the three lysines remaining at various degrees (Figures S1C and S1F). The acetylation signal was blocked by preincubation of the antibody with antigen peptides ( Figure S1E ), demonstrating the specificity of the antibody. Using this antibody, we found that the acetylation of endogenous ACLY is clearly increased after treatment of cells with NAM and TSA ( Figure 1D ). These results demonstrate that ACLY is acetylated at K540, K546, and K554.
Glucose Promotes ACLY Acetylation to Stabilize ACLY In mammalian cells, glucose is the main carbon source for de novo lipid synthesis. We found that ACLY levels increased with increasing glucose concentration, which also correlated with increased ACLY 3K acetylation ( Figure 1E ). Furthermore, to confirm whether the glucose level affects ACLY protein stability in vivo, we intraperitoneally injected glucose in BALB/c mice and found that high glucose resulted in a significant increase of ACLY protein levels ( Figure 1F ). Notably, ACLY acetylation increased rapidly prior to accumulation of its protein. In contrast, ACLY messenger RNA (mRNA) did not increase until 3 hr after glucose injection, whereas significant ACLY protein accumulation was observed at the 1 hr time point. These data indicate a possible correlation between ACLY acetylation and protein levels.
To determine whether ACLY acetylation affects its protein levels, we treated HeLa and Chang liver cells with NAM and TSA and found an increase in ACLY protein levels ( Figure S1G , upper panel). ACLY mRNA levels were not significantly changed by the treatment of NAM and TSA ( Figure S1G , lower panel), indicating that this upregulation of ACLY is mostly achieved at the posttranscriptional level. Indeed, ACLY protein was also accumulated in cells treated with the proteasome inhibitor MG132, indicating that ACLY stability could be regulated by the ubiquitin-proteasome pathway ( Figure 1G ). Cycloheximide (CHX) chase experiment indicated that ACLY is an unstable protein in cells grown in low-glucose medium, with a half-life around 6 hr. However, its half-life is substantially extended under highglucose conditions ( Figure 1H ). We next determined its half-life in cells treated with NAM and TSA and found that blocking deacetylase activity stabilized ACLY ( Figure S1H ). The stabilization of ACLY induced by high glucose was associated with an increase of ACLY acetylation at K540, K546, and K554. Together, these data support a notion that high glucose induces both ACLY acetylation and protein stabilization and prompted us to ask whether acetylation directly regulates ACLY stability. We then generated ACLY WT 
Acetylation Stabilizes ACLY by Inhibiting Ubiquitylation
To determine the mechanism underlying the acetylation and ACLY protein stability, we first examined ACLY ubiquitylation and found that it was actively ubiquitylated ( Figure 2A ). Previous proteomic analyses have identified K546 in ACLY as a ubiquitylation site (Wagner et al., 2011) . In order to identify the ubiquitylation sites, we tested the ubiquitylation levels of double mutants 540R-546R and 546-554R ( Figure S2A ). We found that the ubiquitylation of the 540R-546R and 546R-554R mutants is partially decreased, while mutation of K540, K546, and K554 (3KR), which changes all three putative acetylation lysine residues of ACLY to arginine residues, dramatically reduced the ACLY ubiquitylation level ( Figures 2B and S2A ), indicating that 3K lysines might also be the ubiquitylation target residues. Moreover, inhibition of deacetylases by NAM and TSA decreased ubiquitylation of WT but not 3KQ or 3KR mutant ACLY ( Figure 2C ). These results implicate an antagonizing role of the acetylation towards the ubiquitylation of ACLy at these three lysine residues. There are two possible mechanisms by which acetylation may influence ACLY ubiquitylation. Acetylation at 3K indirectly antagonizes ACLY ubiquitylation by recruiting a factor promoting (H) High glucose stabilizes endogenous ACLY. A549 cells were treated with CHX maintained in 2.5 mM (upper panels) or 25 mM (lower panels) glucose for various time points. Endogenous ACLY protein level was analyzed by western blot. ACLY deubiquitylation. Alternatively, the three lysine residues could be the sites of ubiquitylation, with their acetylation directly blocking ACLY ubiquitylation, as both modifications are covalently linked to the same epsilon-amino group of lysine, resulting in the binding of a putative ACLY E3 ligase being affected. To distinguish between these two mechanisms, we compared the acetylation levels of the ubiquitylated and nonubiquitylated ACLY. We ectopically expressed ACLY (2KR) mutants in which two of three lysine residues (K540 and K546, K540 and K554, or K546 and K554) were mutated to arginine. The remaining K554, K546, or K540 is sufficient for acetylation, but not sufficient to block ACLY ubiquitylation ( Figure 2D ). We found that ACLY acetylation was only detected in the nonubiquitylated, but not the ubiquitylated (high-molecular-weight), ACLY species. This result indicates that ACLY acetylation and ubiquitylation are mutually exclusive and is consistent with the model that K540, K546, and K554 are the sites of both ubiquitylation and acetylation. Therefore, acetylation of these lysines would block ubiquitylation. We next investigated if ubiquitylation of ACLY was regulated by glucose, which stimulates ACLY acetylation and stabilizes ACLY protein. We found that glucose upregulates ACLY acetylation at 3K and decreases its ubiquitylation ( Figure S2B ). High glucose (25 mM) effectively decreased ACLY ubiquitylation, while inhibition of deacetylases clearly diminished its ubiquitylation ( Figure 2E ). Consistently, increasing glucose concentration reduced the ubiquitylation of wild-type ACLY, but had no effect on the 3KQ or 3KR mutant ACLY ( Figure 2F ). From these results, we conclude that acetylation and ubiquitylation occur mutually exclusively at K540, K546, and K554 and that high-glucoseinduced acetylation at these three sites blocks ACLY ubiquitylation and degradation.
UBR4 Targets ACLY for Degradation UBR4 was identified as a putative ACLY-interacting protein by affinity purification coupled with mass spectrometry analysis (data not shown). To address if UBR4 is a potential ACLY E3 ligase, we determined the interaction between ACLY and UBR4 and found that ACLY interacted with the E3 ligase domain of UBR4; this interaction was enhanced by MG132 treatment ( Figure 3A ). Consistently, 25 mM glucose dramatically decreased the interaction between ACLY and the E3 ligase domain of UBR4 ( Figure 3B ). Notably, high glucose decreases the interaction between UBR4 E3 ligase domain and wild-type ACLY, but not 3KR ( Figure S3 ). Furthermore, UBR4 knockdown in A549 cells resulted in an increase of endogenous ACLY protein level ( Figure 3C ). Moreover, UBR4 knockdown significantly stabilized ACLY ( Figure 3D ) and decreased ACLY ubiquitylation ( Figure 3E ). Taken together, these results indicate that UBR4 is an ACLY E3 ligase that responds to glucose regulation.
PCAF Acetylates ACLY
To identify the acetyltransferase responsible for ACLY acetylation at 3K, we transfected four acetyltransferases, p300 (E1A-binding protein, 300 kDa), cAMP response element-binding protein (CREB)-binding protein (CBP), PCAF (p300/CBP-associated factor, also known as lysine acetyltransferase 2B, KAT2B), and GCN5 (KAT2A), individually into human embryonic kidney (HEK) 293T cells and found that ectopic expression of PCAF increased ACLY acetylation at 3K, whereas the other acetyltransferases had little effect ( Figures 4A and S4) . Notably, glucose increased the interaction between ACLY and PCAF ( Figure 4B ). PCAF knockdown significantly reduced acetylation of 3K, indicating that PCAF is a potential 3K acetyltransferase in vivo (Figure 4C, upper panel) . Furthermore, PCAF knockdown decreased the steady-state level of endogenous ACLY, but not ACLY mRNA ( Figure 4C , middle and lower panels). Moreover, we found that PCAF knockdown destabilized ACLY ( Figure 4D ). In addition, overexpression of PCAF decreases ACLY ubiquitylation (Figure 4E) , while PCAF inhibition increases the interaction between UBR4 E3 ligase domain and wild-type ACLY, but not 3KR (Figure 4F) . Together, our results indicate that PCAF increases ACLY protein level, possibly via acetylating ACLY at 3K.
SIRT2 Deacetylates ACLY
To identify the ACLY deacetylase, we first took advantage of TSA, a class I, II, and IV deacetylase inhibitor, and NAM, a NAD(+)-dependent class III deacetylase inhibitor, to determine whether SIRTs or HDACs are involved in ACLY deacetylation. Treatment of cells with SIRT inhibitor NAM, but not HDAC inhibitor TSA, increased ACLY acetylation ( Figures 5A and  S5A ), indicating that a SIRT family member is preferentially involved in ACLY deacetylation. We coexpressed ACLY with SIRT1, SIRT2, or other SIRT deacetylases and found that SIRT2, but not SIRT1 ( Figure 5B ) or other SIRTs (data not shown), decreased ACLY acetylation. We then performed coimmunoprecipitation experiments and found that ACLY readily coprecipitated SIRT2, but not SIRT1 ( Figure S5B ). Ectopic expression of SIRT2 decreased acetylation of wild-type, but not the 3KR mutant, of ACLY ( Figure S5C ). Furthermore, expression of wild-type SIRT2, but not the catalytically inactive H187Y mutant, led to a decrease of ACLY acetylation ( Figure 5C ). Importantly, coexpression of wild-type, but not H187Y mutant, SIRT2 increased ACLY ubiquitylation ( Figures 5D and S5D ). In addition, we found that treatment of cells with salermide, a class III histone deacetylases inhibitor (Lara et al., 2009 ), increased endogenous ACLY protein level ( Figure 5E ). Similarly, knockdown of SIRT2 by small hairpin RNA (shRNA) also stabilized the ACLY level (Figure S5E) . We next tested the regulation of ACLY level by SIRT2 in vivo by mouse tail vein injection of shRNA against Sirt2. This experiment showed that Sirt2 knockdown significantly enhanced ACLY protein level in mice livers ( Figure 5F ). We then examined the effect of glucose on the SIRT2-ACLY interaction. We found that high glucose decreased the interaction between ACLY and SIRT2 ( Figure 5G ) and suppressed the deacetylation of ACLY by SIRT2 ( Figure 5H ). Finally, we found (legend continued on next page) Figure 5I ). Together, these results demonstrate that SIRT2 is the primary deacetylase for ACLY, and the interaction between SIRT2 and ACLY is maintained in cells grown in low glucose but significantly reduced when cells are grown in high glucose.
Acetylation of ACLY Promotes Cell Proliferation and De Novo Lipid Synthesis
Given the high expression of ACLY in cancer cells (Kuhajda, 2000; Milgraum et al., 1997; Swinnen et al., 2004; Yahagi et al., 2005) , we next examined the effect of ACLY acetylation on cell proliferation and tumor growth. To this end, we generated stable A549 cell lines in which the endogenous ACLY was knocked down by shRNA and the shRNA-resistant ACLY wild-type, 3KQ, 3KR, or H760A (which is a catalytically inactive mutant) was stably expressed. Western blotting analysis demonstrated that the endogenous ACLY was effectively knocked down and that wild-type, 3KQ, 3KR, or H760A mutant ACLY were expressed at levels similar to that of endogenous ACLY ( Figures  6A and S6A ). We found that cells expressing ACLY 3KQ and ACLY 3KR mutant proliferated faster, while H760A mutant proliferated slower than the cells expressing wild-type ACLY under a low-glucose concentration. Moreover, the ACLY expression levels in both WT and mutant stable cells were determined after maintaining cells under 6 mM glucose culture medium for 8 days.
The protein levels of ACLY 3KQ and 3KR were accumulated to a level higher than the wild-type cells upon extended culture in low-glucose medium ( Figure S6A , right panel), indicating a growth advantage conferred by ACLY stabilization resulting from the disruption of both acetylation and ubiquitylation at K540, K546, and K554. Cellular acetyl-CoA assay showed that cells expressing 3KQ or 3KR mutant ACLY produce more acetyl-CoA than cells expressing the wild-type ACLY under low glucose ( Figures 6B and S6B) , further supporting the conclusion that 3KQ or 3KR mutation stabilizes ACLY. ACLY is a key enzyme in de novo lipid synthesis. Silencing ACLY inhibited the proliferation of multiple cancer cell lines, and this inhibition can be partially rescued by adding extra fatty acids or cholesterol into the culture media (Zaidi et al., 2012) . This prompted us to measure extracellular lipid incorporation in A549 cells after knockdown and ectopic expression of ACLY. Cells were seeded in medium containing phospholipids coupled with fluorescent dyes for monitoring the uptake of phospholipids. Consistent with a previous report (Migita et al., 2008) , we found that ACLY knockdown dramatically increased the uptake of extracellular phospholipids, as determined by LipidTOX staining (Figure S6C ), supporting the notion that deficiency in the endogenous lipid metabolism would stimulate cells to increase the uptake of extracellular lipid. Next, we compared phospholipid uptake by wild-type, 3KQ, or 3KR mutant ACLYexpressing cells cultured in different glucose concentrations. We found that when cultured in low glucose (2.5 mM), cells expressing wild-type ACLY uptake significantly more phospholipids compared to cells expressing 3KQ or 3KR mutant ACLY ( Figures 6C, 6D, and S6D ). When cultured in the presence of high glucose (25 mM), however, cells expressing either the wild-type, 3KQ, or 3KR mutant ACLY all have reduced, but similar, uptake of extracellular phospholipids ( Figures 6C, 6D , and S6D). The above results are consistent with a model that acetylation of ACLY induced by high glucose increases its stability and stimulates de novo lipid synthesis.
To determine whether the 3KR mutant of ACLY also rendered growth advantage to tumor cells in vivo, we performed xenograft studies. A549 cells with stable knockdown of endogenous ACLY and ectopic expression of wild-type or 3KR mutant ACLY were injected into nude mice, and tumor cell growth was monitored over a period of 7 weeks. Sustained expression of wild-type and 3KR mutant ACLY in xenograft tumors was verified by western blot ( Figure S6E, left panel) . We also found that in four pairs of xenografts, ACLY was accumulated in the 3KR xenograft, but not in the WT xenograft ( Figure S6E, right panel) . The tumor volumes in mice injected with cells expressing 3KR mutant ACLY were significantly (p < 0.05) larger, while H760A mutants were dramatically smaller than those from mice injected with cells expressing wild-type ACLY ( Figures 6E, 6F, and S6F) . Ki-67 staining demonstrated that the tumors derived from 3KR-expressing cells were more proliferative than those derived from cells expressing wild-type ACLY ( Figures 6G and S6G ). Taken together, these results demonstrate that stabilization of ACLY by the disruption of three ubiquitylation sites increased cell proliferation and tumor growth.
3K Acetylation of ACLY Is Increased in Lung Cancer
ACLY is reported to be upregulated in human lung cancer (Migita et al., 2008) . Many small chemicals targeting ACLY have been designed for cancer treatment (Zu et al., 2012) . The finding that 3KQ or 3KR mutant increased the ability of ACLY to support A549 lung cancer cell proliferation prompted us to examine 3K acetylation in human lung cancers. We collected a total of 54 pairs of primary human lung cancer samples with adjacent normal lung tissues and performed immunoblotting for ACLY protein levels. This analysis revealed that, when compared to the matched normal lung tissues, 29 pairs showed a significant increase of total ACLY protein using b-actin as a loading control (Figures 7A and  S7A ). To determine whether 3K aectylation correlates with the (E) Inhibition of SIRT2 with inhibitor increases endogenous ACLY protein level. HEK 293T cells were treated with or without SIRT2 inhibitor salermide. Endogenous ACLY protein levels were determined by western blot, and relative ACLY mRNA levels were quantified by qPCR. (F) Sirt2 knockdown increases endogenous ACLY protein level in mice liver. Livers from BALB/c mice with tail vein injection of control and Sirt2 shRNA were prepared. The Sirt2 knockdown efficiency was determined by qPCR. Endogenous ACLY protein levels were determined by western blot. (G) High glucose decreases the interaction between ACLY and SIRT2. Flag-tagged ACLY were cotransfected with HA-tagged SIRT2 into HEK 293T cells. Protein interactions were determined. (H) SIRT2 is required for glucose-regulated ACLY acetylation. HEK 293T cells transfected with or without siSIRT2 were cultured in medium containing 2.5 mM or 25 mM glucose. Endogenous ACLY acetylation was determined by western blot. SIRT2 knockdown efficiency was determined by qPCR. increase of ACLY protein in these 29 pairs of lung cancer tissues, we further determined acetylated ACLY at 3K by normalizing to ACLY protein levels. Among the 29 pairs, 15 pairs of samples showed relatively higher levels of 3K acetylation in the tumor tissues than the matched normal tissues ( Figures 7B and S7B and Table S2 ). The tumor sample analyses demonstrate that ACLY protein levels are elevated in lung cancers, and 3K acetylation positively correlates with the elevated ACLY protein. These data also indicate that ACLY with 3K acetylation may be potential biomarker for lung cancer diagnosis.
DISCUSSION
Dysregulation of cellular metabolism is a hallmark of cancer (Hanahan and Weinberg, 2011; Vander Heiden et al., 2009) . Besides elevated glycolysis, increased lipogenesis, especially de novo lipid synthesis, also plays an important role in tumor growth. Because most carbon sources for fatty acid synthesis are from glucose in mammalian cells (Wellen et al., 2009) , the channeling of carbon into de novo lipid synthesis as building blocks for tumor cell growth is primarily linked to acetyl-CoA production by ACLY. Moreover, the ACLY-catalyzed reaction consumes ATP. Therefore, as the key cellular energy and carbon source, one may expect a role for glucose in ACLY regulation. In the present study, we have uncovered a mechanism of ACLY regulation by glucose that increases ACLY protein level to meet the enhanced demand of lipogenesis in growing cells, such as tumor cells ( Figure 7C ). Glucose increases ACLY protein levels by stimulating its acetylation. Upregulation of ACLY is common in many cancers (Kuhajda, 2000; Milgraum et al., 1997; Swinnen et al., 2004; Yahagi et al., 2005) . This is in part due to the transcriptional activation by SREBP-1 resulting from the activation of the PI3K/AKT pathway in cancers (Kim et al., 2010; Nadler et al., 2001; Wang and Dey, 2006) . In this study, we report a mechanism of ACLY regulation at the posttranscriptional level. We propose that acetylation modulated by glucose status plays a crucial role in coordinating the intracellular level of ACLY, hence fatty acid synthesis, and glucose availability. When glucose is sufficient, lipogenesis is enhanced. This can be achieved, at least in part, by the glucose-induced stabilization of ACLY. High glucose increases ACLY acetylation, which inhibits its ubiquitylation and degradation, leading to the accumulation of ACLY and enhanced lipogenesis. In contrast, when glucose is limited, ACLY is not acetylated and thus can be ubiquitylated, leading to ACLY degradation and reduced lipogenesis. Moreover, our data indicate that acetylation and ubiquitylation in ACLY may compete with each other by targeting the same lysine residues at K540, K546, and K554. Consistently, previous proteomic analyses have identified K546 in ACLY as a ubiquitylation site (Wagner et al., 2011) . Similar models of different modifications on the same lysine residues have been reported in the regulation of other proteins (Grö nroos et al., 2002; Li et al., 2002 Li et al., , 2012 . We propose that acetylation and ubiquitylation have opposing effects in the regulation of ACLY by competitively modifying the same lysine residues. The acetylation-mimetic 3KQ and the acetylation-deficient 3KR mutants behaved indistinguishably in most biochemical and functional assays, mainly due to the fact that these mutations disrupt lysine ubiquitylation that primarily occurs on these three residues.
In rapidly proliferating cancer cells, a high level of de novo lipogenesis provides precursors for membrane biogenesis. However, this is a process that demands a high level of energy (Rysman et al., 2010) . Many studies have shown that de novo lipid synthesis is dramatically increased in cancer cells (Medes et al., 1953; Menendez and Lupu, 2007; Ookhtens et al., 1984; Sabine et al., 1967) . It has been reported that ACLY inhibition with chemical inhibitors or RNAi can suppress tumor cell proliferation Hatzivassiliou et al., 2005) . Our studies show that stabilization of ACLY by the mutation at K540, K546, and K554 (3KR) significantly enhances lipogenesis, increases cell proliferation, and promotes in vivo tumor growth. These results support a critical role for ACLY acetylation in the coordination of glucose availability and de novo lipid synthesis and the regulation of cell growth and tumorigenesis. They also suggest that the possibility of drugs inhibiting the ACLY acetylation may merit exploration as a therapeutic agent for cancer. Notably, ACLY is increased in lung cancer tissues compared to adjacent tissues. Consistently, ACLY acetylation at 3K is also significantly increased in lung cancer tissues. These observations not only confirm ACLY acetylation in vivo, but also suggest that ACLY 3K acetylation may play a role in lung cancer development. Our study reveals a mechanism of ACLY regulation in response to glucose signals.
EXPERIMENTAL PROCEDURES Immunoblotting
Cells were lysed in a NP40 buffer, and western blot analysis was carried out according to standard methods. Antibodies specific to Flag (Sigma), HA (Santa Cruz), Myc (Santa Cruz), b-actin (Sigma), Ki-67 (Epitomics), PCAF (Epitomics), and ACLY (Abcam) were commercially obtained. The anti-pan-acetylated lysine antibodies were generated in our lab (Zhao et al., 2010) . Antibodies specifically recognizing acetylation at lysines 540, 546, and 554 (Ac[3K]) were prepared commercially by immunizing rabbits at Shanghai Genomics, Inc. In Vivo Ubiquitylation Assay In vivo ubiquitylation assay was performed following the protocol as previously described (Jiang et al., 2011) . Briefly, at $24-48 hr after transfection, cells were collected and lysed in 0.1% SDS (Tris [pH 7.5], 0.5 mM EDTA, 1 mM dithiothreitol [DTT]) in Tris-HCl buffer with inhibitors. Analyses of ubiquitylation were performed by western blot.
siRNA Transfection and RNAi For RNAi experiments, small interfering RNA (siRNA) oligos of SIRT2 and UBR4 were carried out using commercial synthetic siRNA oligonucleotides (Shanghai GenePharma), and each target gene employed two effective sequences. siSIRT2-1: 5 0 -GAGGCCAUCUUUGAGAUCAdTdT-3 0 ; siSIRT2-2: 5 0 -AUGACAACCUAGAGAAGUAdTdT-3 0 ; siUBR4-1: 5 0 -GCAAAGAGUUGU UGGAAUAdTdT-3 0 ; siUBR4-2: 5 0 -AAUGAUGAGCAGUCAUCUAdTdT-3 0 .
The siRNA oligos of PCAF were carried out using a commercial siRNA assay kit (Invitrogen). All siRNA transfections were performed with Lipofectamine 2000 (Invitrogen), and the knockdown efficiency was verified by quantitative PCR (qPCR) or western blot.
For murine RNAi, synthetic siRNA oligonucleotides of Sirt2 (Shanghai GenePharma) was prepared for tail vein injection of each mouse using the hydrodynamic transfection method (Hamar et al., 2004) . All animal-related procedures were performed under Division of Laboratory Animal Medicine regulations of Fudan University. Briefly, 50 uM synthetic modified siSirt2 (diluted in 1 ml of PBS) or 1 ml of PBS solution was rapidly injected (within $10 s) into tail veins of 8-to 10-week-old male BALB/c mice. Mice livers were removed 24 hr after injection, and the homogenates were prepared using NP40 buffer for western blot. Liver mRNA was isolated for qPCR to test the knockdown efficiency.
Knocking Down and Putting Back Stable Cell Lines shRNA constructs, including shACLY, employed two effective sequences as follows: 5 0 -ATCAAACGTCGTGGAAAA-3 0 ; 5 0 -GAGGAAGCTGATGAATAT-3 0 .
For retroviral production, A549 cells were infected with pMKO-shACLY and pMKO-shVEC retrovirus. ACLY knockdown of the stable cell line was collected after drug selection (knocking down). Then, pQC-XIH-H760A, pQC-XIH-WT, pQC-XIH-3KQ, and pQC-XIH-3KR retroviruses were added into the A549 shACLY stable cell line as previously described. Positive cells stably expressing Flag-tagged wild-type, H760A, 3KQ, and 3KR of ACLY (putting back) were collected and verified by western blotting after double drug selection.
Cell Proliferation Analysis
A total of 5 3 10 4 A549 stable cells were seeded in triplicate in each well of a 6-well plate, and the cell numbers were counted every 2 days over an 8-day period.
Lipid Staining
The assays were carried out with the HCS LipidTOX Phospholipidosis and Steatosis Detection Kit according to the manufacturer's instructions (Invitrogen).
Xenograft Analysis
Nude mice (nu/nu, 6-to 8-week-old males) were injected subcutaneously with1.5 3 10 5 A549 stable cells. The diameters of tumors were measured every 10 days. Around 7 weeks after injection, the tumors were dissected and analyzed.
Immunohistochemistry Paraffin-cut sections of xenograft tumors were prepared, and immunohistochemistry (IHC) was performed as previously described (Lei et al., 2006) .
Lung Cancer Samples
Lung cancer samples were acquired from the Tongji University Affiliated East Hospital. A physician obtained informed consent from the patients. The procedures related to human subjects were approved by the Ethics Committee of the Institutes of Biomedical Sciences (IBS), Fudan University. Direct immunoblotting was performed as above.
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